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1. Frequency reference at SYRTE
2. The REFIMEVE+ Local Oscillator
3. The operational comb

4. Accuracy

5. What will you receive as signal ?
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Let’s start from basics...

w(/) — Wef X (1 2l s (/(f”

macroscopic oscillator

N output
IS‘ —D" ¢ : relative frequency shift

accuracy: total uncertainty on ¢

correction

y(t) : relative frequency fluctuations

interrogation stability: Allan variance O'YZ(T)

Statistical analysis of y(t)
T = integration time
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® Available ~24/7 since 2000 with LHe refills: 0.5 day every 25 days

11.932... GHz
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1 Benefits of an ultra stable reference

[ Best stability for atomic fountains: D. Chambon et al., Rev. Sci. Instrum. 76, 094704 (2005)
0 1.6x10-1% @1s => PFS comparison at 10-16
[ Best stability for optical to microwave comparison 1
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® Available ~24/7 since 2000 with LHe refills: 0.5 day every 25 days
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Fiber lasers phase-locked
with ultra-stable cavity
* Vacuum chamber (~10-8 mbar)
* Finesse : ~800 000

* Optimized shape for minimum
sensitivity to acceleration

« ULE / FS, low thermal coefficient

* Thermal shields (<1nK residual) (Time
cst ~ 4 days)

* |solation platform
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Hg-laser case

= Vertically mounted, low vibration sensitivity

= 10cm length, Finesse ~ 850000
=  FS mirrors for thermal noise <10-1>
[ |

J. Millo et al., Phys. Rev. A 79, 053829 (2009)
S. Dawkins et al. Appl. Phys. B 99, 41 (2010)
J.J. McFerran et al., Opt. Lett. 37, 3477 (2012)

Heavy passive thermal shielding ( T > 4 days)

B 2 Flicker floor ~4x10°1¢ each
B = Linewidth ~170mHz

= > ~-20 mHz/s drift
(-7x1017/s)

" = Months continuous
operation

Fractional frequency instability
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T(S) plus celle de Bérengére ?
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Operational ultra-stable laser :
provided by REFIMEVE

B Expected stability @1s : <10-1°
Expected drift : <10 Hz/s
set-up in operational room
Construction 2 semester 2013

Design by Jérome Lodewyck, Rodolphe
Le Targat

Signal feeding 1st semester
Improvements :
M Auto-relock ?

B Error detection, supervision 7?
B Correction of the drift vs H-Maser

e« B B B
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Ultra-stable laser
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Expert at Syrte :
Yann Le Coq

CW Laser

Lock loop.

Combs
stabilization

&
llll |\H|

Frequency comb

”H ||||III|.‘
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efimeve+ REFIMEVE provide one dedicated

operational frequency comb
Ultra-stable laser Cryogenic Saphir Oscillator

Expert at Syrte :
Yann Le Coq

Fiber
laser

m. rep

Lock loop. ~9 or ~12 GHz
@ Combs
stabilization Band pass
filter
I\“ H "l
Y | I I I I I I I I I I h N decade Photodiode
Frequency comb (@) S InGaAs

9 mW rapide 12



Ultra-stable laser

Expert at Syrte :

< ik

Yann Le Coq o 188
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CW Laser :I:"‘i‘ n
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m. rep A d :

Lock loop. ~9 or~12 GHz At |
@ Combs
stabilization Band pass
I_I_l filtor

*eﬂmev@ REFIMEVE provide one dedicated
operational frequency comb

Cryogenic Saphir Oscillator

About your User comb :
See presentation by Anne Amy Klein this afternoon

ATTITIINTTT AALALLLLLLLLERS e

Frequency comb :

-
9 mW

Photodiode
InGaAs
rapide 12
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Accuracy : Level of credibility of a

measurement
B Uncertainty budget

B Standards comparison campaigns
Atomic fountains : H-maser vs FOXx

Ultimate accuracy : a few 10-16

Operational almost continuous|ycentivter

Contributions to TAI
PHARAO/ACES

Sr lattice clock

Ultimate accuracy few 10-17
Heavy research programs

Correction (107

Uncertainty (107*%)

Lattice Stark (scalaritensor)
Hyperpolarizability (lattice)
BBR Stark

ac Stark (probe)
First-order Zeeman
Second-order Zeeman
Density

Line pulling

Servo error

Second-order Doppler
Systematic total

-6.5
-0.2
52.1
0.2
0.2
0.2
8.9
0
0
0
54.9

05
0.2
1.0
0.1
0.2
0.02
08
02
05
<<0.01
1.5

No ‘real-time’ accuracy !

A. Ludlow et al. Science, 319, 1805 (2008)

14
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1.542 nm CW laser light,

ultra-stable, dedrifted vs 1 GHz CSO
But :
No warranty
for 24 /7 operation.
Typical performances:
<101 @1s-1 000s
a few 10-1% accuracy
Top-level Accuracy for specific experiments

Please, schedule it with SYRTE !

15



_____________________________________________________________________________________________________ Fiber ~ "o
Ultra-stable Noise (o
1.542 ymlaser| |\ /| correction N ﬁF Accumulated <>\|
b l . Phase noise |
P 4 | : I
LAB 1 N Pp . LAB 2 |
_____________________________________________________________________________________________________ ! L it skl
: Round-trip noise detection I
I
|—(04— —/Z —————————————————————————————
Link instability
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e Noise correction Bandwidh limited
e Losses

e Active compensation
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Link instability
measurement | Additional noise from thermal effects + acoustic
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= Research and development
® No warranty neither for the optical link !
® Supervision of the network
® Paris-Strasbourg as test bed, connection to PTB
= Next goal : Toulouse
® |mprovement of reliability and performances with time
® H-maser steering

®  Alternate possibility under development: ultra stable laser (No LHe)
+ femtosecond optical
[0 <3x10-1> @ 1s: Appl. Phys. Lett. 94, 141105 (2009)
O Also at PTB: Phys. Rev. A 79, 031803 (2009)

® Ultra low noise optical to microwave conversion: 10-16 @1s, sub
100 attosecond residual timing jitter

W. Zhang et al., Appl. Phys. Lett. 96, 211105 (2010)

® Time transfer
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Optical frequency group
lead by S. Bize

Yann Le Cog

Jérome Lodewyck
Rodolphe Le Targat

Michel Lours, Laurent Volodimer, David Holleville

Doc/Post docs, not exhaustive (1):

Microwave frequency group
lead by Ph. Laurent

Jocelyne Guéna

Michel Abgrall

Peter Rosenbusch

RNT

lead by M. Abgrall
Daniele Rovera

Baptiste Chupin

Fabio Stefani, Antony Bercy, Daniele Nicoledi, Uhlrich Eisman,
Shi Chunyan, Jean-Luc Robyr, Rinat Tyumenev...
Bérangere Argence, Haifeng Jiang, Adil Haboucha, Jacques Millo, John

McFerran, ...
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Microwave frequency group

Optical frequency group lead by Ph. Laurent
lead by S. Bize Jocelyne Guéna
Special thanks : Michel Abgrall
Yann Le Coq Andreé Clairon | Peter Rosenbusch

Pierre Lemonde
Giorgio Santarellif RNT

lead by M. Abgrall
Daniele Rovera

Jérome Lodewyck
Rodolphe Le Targat

Michel Lours, Laurent Volodimer, David Holleville _ _
Doc/Post docs, not exhaustive (1): Baptiste Chupin
Fabio Stefani, Antony Bercy, Daniele Nicoledi, Uhlrich Eisman,

Shi Chunyan, Jean-Luc Robyr, Rinat Tyumenev...

Bérangere Argence, Haifeng Jiang, Adil Haboucha, Jacques Millo, John
McFerran, ...
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